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Tunosvie 3a0anus 01 KOHMPOJLHOU pabombl: (6 cemecmp)

Paszoen 1. 3KC”€puM€HmaJlebl€ OCHOBAHUSA KBAHMO0BOU MEXAHUKU.

1.

PaccMmoTpuTe MBICTIEHHBIN SKCIIEPUMEHT O AU(PaKIUK 3JIEKTPOHOB
Ha JIBYX LIEJIAX, 32 KOTOPbIMHU Pa3MECTUIIHU (IO pa3HbIE CTOPOHBI) JIBE
OTPULIATEIIBHO 3apsDKEHHbIE TOHKHE IPOBOJIOYKM M YOPYro HX

NN\

3aKpenuian (CM. PUCYHOK, Ha KOTOpPOM IIPEJCTaBlI€HAa B pa3pe3e = -

MPUHIUIHATBHAS cXeMa onbiTa). [10 OTKIOHEHHIO IPOBOIOYEK MOKHO i #
y3HAaTh, Yepe3 Kakylo IIeJb MPOoJIeTaeT AIEeKTPOoH. J[aTh KauecTBEHHOE é 3
OIMCaHHUE TOTO, YTO OYAET MPOUCXOAUTh C NU(GPAKIIMOHHON KapTUHOW Ha 3KpaHe, eCIH
OIBIT MPOBOJUTH I Pa3HBIX PACCTOSHHNA MEXIy MPOBOJIOYKAMU, CUMMETPHYHO HX
pasjBwurasi.

[IpuMenss npaBuia KBaHTOBaHMWS bopa, HAMTH ypOBHM SHEPIHH CBSI3aHHBIX COCTOSHUN
YaCTHUIIBI B IICHTPAJIBLHO-CUMMETPUYHOM TI0JI€, /IS KOTOPOTO MOTEHIHanbHas sHeprust U
gactunsl umeet Bug U(r)= -a/rN (N, o>0). ITpu kaxux 3Havenusx N 3aqaua Tepser cMbIca?
[TonpoOyiiTe nath GuU3nYecKOe TOJIKOBAHUE TOTO, TOYEMY 3TO IPOUCXOJIUT.

[TpuMeHsis mMpaBuiIa KBaHTOBaHHs bopa, HATH ypOBHU DHEPTHH CBS3aHHBIX COCTOSHUMN
YaCTHUI[BI B IICHTPAJIBHO-CHMMETPUYHOM TI0JI€, /I KOTOPOTO MOTeHIManbHast sHeprust U
gactunsl umeet Bua U(r)= (a/6) r® (>0 - mocrosuHas).

Haiit, ¢ yderoMm ABMXKEHHs sijipa, BBIPOKEHHE JJIS SHEPTMU CBSI3U JJICKTPOHA aTroMa
BOJIOPOJIa B OCHOBHOM COCTOSIHMH U 3aBUCHMOCTb TIOCTOSIHHOM Pujbepra oT Macchl sijipa.

AHanu3 MBICIIEHHBIX 3KCIIEPUMEHTOB 10 TU(PaKIUH 3JIEKTPOHOB HA OJTHON U IBYX IIEJIAX.
[lonatne 0  COOTHOIIEHUM  HeompenenéHHocTe.  BonHoBas — QyHKIMS U
«makpooOctaHoBka». Ilpunnun cynepnoszunuu. Kak mposiBiser cedst KOpIyCKYISIpHO-
BOJIHOBOH J1yajiM3M B ciy4ae AU(paKIuy 3JI€KTPOHOB Ha JIBYX IIESIX?

[IpuMmenss npaBuia KBaHTOBaHMWS bopa, HATH ypOBHM SHEPTHH CBS3aHHBIX COCTOSTHHM
YaCTHUIIbl B IIEHTPAJIbHO-CUMMETPUYHOM I10JI€, A1 KOTOPOro MoTeHIManbHas sueprust U
gactuiel umeeT Bug U(r)= a In(r/ro) (oo u ro - mocrosinubie). [Ipy Kakux 3HAUCHHSX O
CBSI3aHHBIE COCTOSIHUS HEBO3MOXKHBI?



7.

10.

11.

Hcnonw3ys npaBuilo KBaHTOBaHUS bopa HaWTH ypOBHU SHEPIUM YAaCTULBI, ABUKYIIEHCS B

p

o
LEHTPATLHO cuMMETpr4HOM Tosie U (r) = ——— = (a, B > 0). Ilpu xakux 3Havenunsx f3
rr

3a/1a4a TepsieT CMBICIT?

Haiitu mmiynbc (OoTOHA, HAJETEBIIETO HA TOKOMBINUICS CBOOOTHBIA AJIEKTPOH, €CIIU
HUMITYJIEC TIOCIICAHETO OKa3aJcsl HAPABICHHBIM MO YIiioM 90° K UMIYJIbCY PACCETHHOTO
(doTOoHA, a KMHETHUYECKasi SHEPTHs JICKTPOHA OTIAYM COBMAJA C DHEPTUEH PACCETHHOTO
¢dotoHa.

Hcnonb3yst COOTHOIIEHUE HEOTPEIEIICHHOCTEH OIEHUTh YHEPTUI0 OCHOBHOTO COCTOSTHUS

B

(04
3JICKTPOHA B LICHTPAJIBHO CUMMETPUYHOM mosie U (r) = ——+—.
rr

IIpu oOmyyeHnun rpadura PEHTTCHOBCKUM H3JIyY€HHEM C JUIMHOM BOJHBI A OBLIO
OoOHapyKeHO, YTO MaKCHUMallbHas KWHETHYecKas SHeprus 3JeKTpoHoB paBHa 0,5 Mb>B.
Haiitn myiMHy BOJIHBI pEHTT€HOBCKOrO M3iaydeHus. [lox kakum yriiom ¢ K HampaBJICHUIO
MaJIaI0LIEr0 PEHTIEHOBCKOI0 M3JyYEHUS MOTYT OTJIETaTh 3JEKTPOHBI OTAAYM, €CIU UX
UMITYJIEC PaBEH ( ?

ATOM BOJIOpOJIa ABUTAJICS CO CKOPOCTBIO v = 3,5 M/c, HAXOASCH B IEPBOM BO30YKIEHHOM
cocTosiHuU. B pesynprare mepexola B OCHOBHOE COCTOSIHME aTOM HCIyCKaeT (hoToH.
Onpenenutb yroi, Mmoja KOTOPHIM BbUIETaeT (POTOH, MO OTHOIICHHIO K HampaBICHHUIO
[IEPBOHAYAJIBHOIO JBIJKCHHUSA aTOMa, €CIUM KUHETUYeCKas OJHEpPrus IIOCIEHHEro He
U3MEHWIACH.

Pazoen 2. Mamemamuueckuii annapam K6aHmoeou MeXaHuKu.
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20.

Paccmotpurte oneparop A = ap +bx . KakoMy orpaHiueHuro clieyeT HoAYMHUTh YHCIIA & 1

b m1s Toro, uroGel omepatop A 6bim 3pMuToBEIM? HaiiTH COGCTBEHHBIC (BYHKIHH I
COOCTBEHHBIE 3HAUCHHS HAOTIOTAEMOH A .

Jlatb oO1ee omnpeneneHre KBAaHTOBO-MEXAHHYECKHX CpPEIHUX 3HAYEHUH, a TaKxke
KBa/IpaTUYHBIX JUCTIEPCUI PU3NYECKUX BEIUUMH (HAOII0AaeMBbIX).

Jloka3atrh, 4TO €CJIU JUCHEPCHs HAOII0JaeMO B HEKOTOPOM COCTOSIHUU paBHA HYIIIO, TO
3TO COCTOSIHME SIBJISIETCSI COOCTBEHHBIM BEKTOPOM OIepaTopa 3ToM (GU3NYECKOMN BETHUUNHBI.
HaifTn omepatop, SpMHTOBO CONPSKEHHBI omepatopy ABC + D, €CIH Cpeiu JTHX

JIMHEWHBIX OIIEPaTOPOB TOJIBKO OIIEPaTOp B ABIISIETCS CaMOCOIPSKEHHBIM.
Hcnonb3ys onpeneneHue oneparopoB TPAHCISIIMKA U UHBEPCUU 71 3 — MEPHOIO ClIydast

('I?éy/(F) =y (F +8); ly(F) = w(-T)),, MOKaXKHUTE, 9TO f‘fa = 'I:_él .

Haiitu onepaTtop, 3pMHTOBO CONPSDKEHHBIM OIMEpaTopy MacHITaOHOro Mpeodpa3oBaHus
M (x) = Veyp(cx).

Hcnons3ys npouenypy I'pama — IlIMuara, mocTpouTh OpTOHOPMUPOBAHHYIO CHCTEMY U3
TPEX TMHEITHO HE3aBUCUMBIX U HE OPTOTOHAJIBHBIX BEKTOPOB Y4, P, U Y3 (IPUBECTH SBHbBIE
(bopMyIIbI).

JlokazaTh 0000LIEHHOE COOTHOILIIEHNE HEOMPEIETEHHOCTEH ISl IBYX HEKOMMYTHPYIOIIMX
Habmomaembix: AA2 AB2 > %52. 3mecs: [4, B] = iD.

[pencraButh pasioxenue GyHKINM, 3ananHoN Ha unaTepBane (0, 2m), B psag Dypbe Kak
pas3loXeHUEe 10 OPTOHOPMUPOBAHHOMY ©0a3ucy B T'HIBOEPTOBOM IPOCTPAHCTBE.
CoOcTBeHHBIMH (YHKIHSAMHU KaKOTO CaMOCOMPSHKEHHOTO OlepaTopa SBISIOTCS CUHYCHI U
KOCHHYCBI B 3TOM Pa3JI0KE€HUH?



21.

22.

23.

24,

X2

JIs1 BOJIHOBOM KUK yacTulsl Buga y(x,0) = Ne gk
YH WX,

X

2 2
onpenenutsh (Ax)" u (Ap)” .
IIpoBepuTsh CrIpaBeIMBOCTE COOTHOLIEHUS HEOIIPEAETIEHHOCTEN.

HpOBepI/ITB COOTBETCTBHUE MCKIY KIIACCUMYECCKUMH U KBAHTOBBIMUA CKOOKaMH HyaCCOHa JJIA
2 2 4

p kx X
Habmonaempix X, p, H B cucreme c ramwibronuanom H =2—+T+XT
m

(aHTapMOHUYECKUN OCIUIIIATOP).

. -~ d
Haiitn coOcTtBeHHble (QYHKIMM U COOCTBEHHBIE 3HAYEHHUS OIEparopa x+d— B
X

pocTpaHcTBe QyHKIMH L, (— 00, oo) . SIBnsieTcs 1M 3TOT ONEPATOP 3PMUTOBBIM?
JlokazaTb, YTO cleayromas CyMMa CKaSIpHBIX IIPOM3BEACHHUN BEUICCTBEHHA U
HEOTPUIIATENbHA! (1//, 22*;1/) + c(!//, /§2+V/) +c ((//, ié*w) +ef ((//, l§/§+w) >0. 31ech 4,B -

JIMHEHWHBIE OIICPaTopbl, 4 ¢ — KOMIIJICKCHOC YUCJIO.

Pa3zoen 3. Obuque ceoiicmea ypasuenusn Illpedounzepa

25.

26.

217.

28.

IToKa3aTh, 4TO MIOTHOCTH MOTOKA BEPOSTHOCTH | JUIS OJHOMN YACTHIIBI OTIHYHA OT HYJI,
TOJIBKO €CIIM KOMIUIEKCHAasi BOJIHOBas (yHKUus y(r) wumeeT (asy, 3aBUCSIIYIO OT
KOOpJMHAT.

Haiitn U4 mo3utpoHus (cuctema M3 3JEKTPOHA U MO3UTPOHA, BPALIAIOLIMXCS BOKPYT
0011Iero LIEHTpa HHEPLUH) PACCTOSHUE MEX]ly YACTULIAMH B OCHOBHOM COCTOSIHUM.
JlokaszaTh, 4TO B IIPOLIECCE IBOIIOLUU HOPMa BEKTOpA COCTOSIHUS OCTAETCsl HEU3MEHHOM.
Kakoe cBoiicTBO onepaTopa ['aMuinbTOHa OKa3bIBa€TCA MIPU TOM PEIIAIOINM?

3anucaTh HecTanoHapHoe ypaBHeHue lllpenunrepa nns ceoOoaHoM yactuibl. [Toka3ats,
4TO BOJIHOBAsI byHKIUSA BHUJIA (paccmotpuTe OJTHOMEPHBIN ciydai):

y(x, t) = IdkC(k)eikx’iE(k)t’h, rne E(k) =#%k?/2m, ymoBIeTBOpSET 3TOMY YpPaBHEHHIO

(mpeamonaraercs, uto ammutyaa Oypee C(K) — rmamkas ¢pyHkuums, odecreunBaromias
CXOJMMOCTh HHTETpasa 1o K Ha +00, a B OCTaIbHOM - IPOU3BOJIbHAS ).

Pa3zoen 4. Oonomepusvie KeAHMOBO-MeXaHUUECKUE 3a0a4u

29.

30.

31.

><2

——+ikx

BomHoBas (YHKIMS dacTHIBI mMeeT BHA W(x) = Ne ° (N - HOPMHPOBOYHBI
MHOXUTENb). OnpenenuTs IMIOTHOCTh TOTOKAa BEPOSTHOCTH W HAWUTH  (DYHKIIHIO
pacrpeiesieHrs BEpOSATHOCTEHN JJIs1 KOOPAUHATBI YaCTHIIBL.

YacTtuma HaxoauTcsi B OCCKOHEYHO TIYOOKOW <«ITOTEHIIMATBHOM sSIME» B COCTOSHUHU

y(X) = N(a2 - Xz) (|X| <a). Paznoxure 3TO cOCTOsSIHUME MO COOCTBEHHBIM (YHKIUSM

ornepatopa ['aMunbTOHA U ONpeeNuTe TAKUM 00pa30M BEPOSITHOCTH Pa3INUHbIX 3HAUCHUN
SHEPTUU B 3TOM COCTOSHUHU.

Haiitu koo durment @ypre C(K) st BOTHOBOM GYHKIMHA (x,t) = I dkC (k)e"™ "= e

XZ

. Tp2 ik
E(k) = A°k? / 2m , eciii B HauanbHbIA MOMeHT Bpemenu t=0 y(x,0) = Ne b g o, [Vkazanue:
0 yz 1%a?
UCIIONB30BaTh 3HAYEHHE MHTETPalia J dyeVe @ =avze * ]

—0



32. [lycTh COCTOSIHME TapMOHHUYECKOTO OCIMJUIATOpPA OMNHCHIBACTCS BOJHOBOM (yHKUHEH

exp(aa*)\yo(x), re a' — OmepaTop POXJIEHMs, o - KOMILIEKCHOE uHclo, a o (X) —

BOJIHOBAs (pYHKLMS OCHOBHOTO COCTOSHHS ocumiusiTopa. [loka3zaTh, 4TO 3TO COCTOSHUE
SBJIETCS COOCTBEHHBIM JJIs OIIEpaTOpa YHUUTOXKEHUS a U ONPEAEIUTh COOTBETCTBYIOLIEE
eMy COOCTBEHHOE 3HaUCHHE [yKa3aHHE: Pa3I0XKUTh B PsiJl IKCIIOHEHTY M BOCIIOJIB30BAThCSI

KOMMYTALIHOHHBIM COOTHOIICHHEM 4 (3" )n -(a )n a=n(a’ )n_l].

33. Beruuciuth cpeHee 3HAYCHUE KOOPAWMHATHI YACTHUIIbI, HAXOMASIICHCS B MOTEHIMAIBLHON

AMC€ C HCIIPOHUIACMBIMHU CTCHKAMHU B COCTOSAHHUH, SBJIAIOIICMCA CYMMOfI OCHOBHOI'O H
IICPBOIro BO36y>KI[CHHOFO COCTOSTHHH.

34. IloctpoiiTe MONHBII HaOOp ONMEPaTOpOB AJISi YACTUIBI, YyAEPKUBAEMOM BONM3HM Hayaia

1 .
KOOpAMHAT CWJIaMH C noreHiuaiom U (r) = E(klx2 +k,y? + k322) (aHM30TPOMHBIN

OCI_II/IJ'IJ'IHTOp). Haﬁ,[[HTe CIICKTp COOCTBEHHBIX 3HAYEHNH raMIJIbTOHHAHA STOH YaCTHUIbI.

35. Ilycts  cocTOsSIHME  JUHEHHOrO  TapMOHHUYECKOTO  OCHHJUISITOPA  OIHCHIBACTCS

cyneprnosunueii y(x) = N(e'iE"w‘wo(x)Jr e’iElt’h\yl(x)). BBIYMCIUTL CpeHEE 3HAYCHME

KOOP/AMHATB! OCLHMIIIISITOPA B ’TOM COCTOSIHUM U ONPEIEIUTh XapaKTep ee 3aBUCUMOCTH OT
BpPEMEHH.

Tunosvle 6onpocwl k 3auemy: (6 cemectp)

JKCIepUMEHTAIbHbIE OCHOBbI KBAHTOBOW MeXaHUKHU

1.

N

Crpoenne aroma. KomOunanmonnslii npuniun Purtna. Onsiter Pesepdopaa. [Ipobiema
JMCKPETHOCTH CHEKTpa 4acToT U mpobiema ycroiunBoctu aroma. Iloctynarel bopa u nx
IPUMEHEHUE.

[Tpobnema uznydenus abcomoTHO uépHoro tena. ['unoreza M. ITnanka. ®opmyna [Tnanka.
®oroapdext u 3dpdext Komnrona — neMoHCTpaiusi IBONCTBEHHOW NPUPOJIBI CBETA.
KopnyckynsapHO-BOIHOBOM Ayanu3Mm u runoresa ae-bpoins. Cssasp ¢ nocrynaramu bopa.
Omnerter IpBuccona u Jlxepmepa, TaprakoBckoro, BaBunoBa, bubepmana — Cymikuna —
dabpukaHTa.

MaremMaTH4ecKHUil anmapaT KBaHTOBOM MEXaHUKH.

4.

Jlunelinble (BEKTOpHBbIE) MpocTpaHcTBa. JIMHeHHas 3aBUCHMMOCTb BEKTOpPOB. basuchl.
beckoneuHoMepHble BeKTOpHBIE MpocTpaHcTBa. IlpoctpancTtBo I'miabbepra. Hopma
BekTopa. IIpumepsr.

Ilonsitne nuuelHoro omeparopa. IIpumepsl. Jlemma Pucca — ®peme m omnpezneneHue
conpsbk€HHOro omepatopa no Opmury. Camoconpsik€HHble omneparopsl. [Ipumeps.
Marpuussle  caMmoconpspk€HHbIe — omepartopel. (CBOMCTBAa — omepanud  3pMUTOBOTO
COIPSIKECHMUSL.

Cob6cTBeHHbIE (YHKIIMM U COOCTBEHHBbIE 3HAUEHHUS JHMHEMHBIX omnepaTopoB. OCHOBHBIE
CBOMCTBA CaMOCOINPSKEHHBIX  ONEpPaTOPOB C  JUCKPETHBIM  crekrpom. [lonsatue
BBIpOXKAeHUsA. KpaTHOCTh BeIpOkAeHUA. OpTroronanusanus I 'pama — HImuara.

Teopema Temnuna — ¢pon Heiimana. [TonHabie HAOOpHI HAOIIOJAEMBIX KBAHTOBBIX CUCTEM U
COOTBETCTBYIOIIKE UM 0a3uchl. [Ipumepsr.

KBaHTOBO-MexaHN4YeCKas TeOPHUsi M3MePEeHUil.

8.

CocrossHust U HaOmogaeMble ((U3NYECKUE BENWYMHBI) B KIACCHUECKOM M KBAHTOBOM
MexaHuke. [IpuHIMI COOTBETCTBUS M KBaHTOBaHUE. [IpuMepbl mpUMEHEHUs MPOLEAYpPbI
KBaHTOBaHUSI.



10.

11.

ITocTynaTel KBAaHTOBO-MEXaHUYECKOM Teopuu wusMepeHui. IlocTynar BepoOsATHOCTH.
Cpennue 3HaueHus (QU3MYECKUX BeJWYMH. Jlucmepcuss — KOJMYECTBEHHas Mepa
HeonpeaenéHHocT pusnyeckoit Benmuuuuel. [loctynar pegykuuu.

OO000LIEHHOE COOTHOIIEHUE HEONpeneNEHHOCTEl M OJHOBPEMEHHas H3MEPHUMOCTb
¢usnueckux BenuuuH. [Ipumepsl. [ToHATHE O KOTEPEHTHBIX COCTOSIHUSX.

CranuoHapHele coCTOAHHA U onepartop I'amunpToHa. CTanMoOHApHOE U HECTALIMOHAPHOE
ypaBHenue lllpeaunrepa.

Tunosvie 3a0anus 01 KOHMPOJLHOU pabomsl (7 cemecmp):

Pa3zoen 5. /leusicenue 6 yeHmpanbHoO-CUMMEMPUYHOM nOTE.

1.

HpOBepI/ITb COOTBETCTBHUE KJIIACCHYCCKUX M KBAHTOBLIX CKOOOK HyaCCOHa JJIsI KOMIIOHCHT
MOMCHTA KOJIMYECCTBA IBHKCHHA | =rx ﬁ . Uto MOXHO cKa3aThk 00 OI[HOBpeMeHHOﬁ

U3MEPUMOCTH HabmonaeMbIx Ix u |y , a Taroke 12u?,?

[TokaxxuTe, 4TO B COCTOSIHMM C ONPEJEICHHBIM 3HAUYEHUEM OJHON M3 TPEX KOMIIOHEHT
MK/I, nanpumep, £,, cpeaHue 3Ha4YCHHS £, U {’y paBHbI HYJ0. Kak 3T0 MOKHO Ob110 ObI
MHTEPIPETUPOBATH C TOUKH 3pEHUsI BEKTOpHON Moaenu uist MKJL?

0
Paznoxutre 1o coOCTBeHHbIM  (yHKUMAM  omepatopa £, =—1h£ GbyHKIUIO

y(@) = N(cos @ +sin@) (N — HOpMHPOBOUHBIH MHOXKMUTeNb). [IPOBEPUTH PABEHCTBO
2
Z |Cm| =1 (Cm — koadunuentsr Oypoe).
m
PaccMoTpuTe cTanmoOHapHBIE COCTOSHUS CHUMMETPHUYHOTO 3-MEPHOTO I'apMOHUYECKOTO
1,
ocmuiATopa (moreHuuansHas sueprus U (r) = Ekr ). Ilpumensis MeToa pasaeieHus

NEPEMEHHBIX, HAalJAUTE YPOBHU SHEPIHMM OCHWLIATOpa. B 4em 3akiioyaercst paznuuue
MEXIY YPOBHSMHM HEPruH, HaxXoIUMbIMM U3 ypaBHeHUs lllpenunHrepa u ypoBHIMH,
HaXOJMMBbIMH Ha OCHOBE IOJIYKJIACCUYECKOro YCJIOBUS KBaHTOBaHUs bopa (T.e. ¢

WCIIOJIb30BAHUEM YCIIOBHS ‘I ‘ = NA AJIS KPYTOBBIX OpOUT)?

0
Paznoxutre 1o coOCTBeHHbIM  (yHKIMSAM  omepatopa £, =—1h£ GbyHKIHIO

y(p) = N(ei"’ +5sin (p). [IpoBepuTh paBeHCTBO Z |Cm |2 =1 (Cm — koddpuruenTsr Oypoe).

I[OKEBE[TB, 4TO IJId 3JICKTPOHA B aTOMC BOAOPOAA CYHICCTBYCT COXPAHAIOMIAACA BEJINYNHA

> 3 = 82 >
— Bektop Pynre — Jlenna: A =p X ¥ — —mr. ITonckaska: paccMOTpUTE KOMMYTaTOp

—~ p2 e2 A 3

9TOW BEJIWYMHBI C TaMIJIbTOHUAHOM H = Pyl 3meck p, £ - omepaTopsl UMITyJIbCa U
m T

MOMCHTA UMITYJIbCa 3JICKTPOHA COOTBCTCTBCHHO.

Pazoen 6. Teopusa eo3mywienuil. Inemenmaol meopuu u3jiy4eHus.

7. PaCCMOTpI/ITC B O6IJ.I€M BUAC AaMIUIMTYAY BCPOATHOCTH II€PEXoJda U3 OJHOI0

CTallMOHAPHOTO COCTOSIHUS B IPYrO€ B IIEPBOM MOPSAKE TEOPUH BOZMYIIEHUI U IIOKAXXUTE,
YTO BEPOSITHOCTH NMPSMOTO M 00OPATHOTO NEPEXO0/I0B (M3 Yn B Wk M M3 Yk B Yn ) COBIIAAAIOT.
Onpenenure B IEPBOM NOPSAAKE TEOPUH BO3MYILEHUH aMIUIUTYly BEPOSITHOCTH IIEPEX01a
JMHEHHOr0 TFapMOHUYECKOTO OCLMUIATOPAa U3 OCHOBHOI'O COCTOSIHUS B BO30YKIEHHOE
(T.e. B cocTosHME ¢ N>1), ecau onepaTop BO3MYILEHHUS



10.

11.

12.

~ —Axsin ot |t| <T
V(t)=
0 =T

(A, ® - BelleCTBEHHBIEC TAPAMETPHI).
CuuTas CTallMOHAPHBIE COCTOSIHUS HEKOTOPOW KBAaHTOBOW CHCTEMBl W3BECTHBIMH,
OIPENIEIIUTh 3aBUCUMOCTh aMIUIATY/IbI IIEPEeX0/ia IEPBOTO MOPsIIKA TEOPUU BO3MYIIICHUN

=X (T-|t), [t < T

, |t| >T
PaccMoTpuTe  mEpPEXOAbI  MEXAy  CTAlMOHAPHBIMM  COCTOSHHSMHU  JIMHEHHOIO
rapMOHHYECKOT0 OCIMJIISATOPA MOJ ACHCTBAEM BO3MYIIEHHS V(t) = —AXcos ot , (Jtf<1) B

ot T, rme 2T — 3T0 Bpems 1eHCTBUSA BO3MYIIIEHUS \7(t)=

IIEPBOM IOPSAKE TEOPUU BO3MYILEHUM. [loKkakuTe, 4TO ITH Iepexobl OCYIIECTBIIIOTCS
aub0 ¢ MOTrJIOIICHUEeM, JH00 C W3IydeHHEM OIHOro KBanta ho, (®,- coOCTBEHHas
yactota ocuwuiaropa). Cumras, 4ro ® OJM3Ka K 0, BBIYUCIUTE BEPOSTHOCTD

BBIHY)XICHHOI'O UCITYCKAHUSA KBAHTA.
PaCCMOTpI/ITC B IICPBOM IMOPAAKEC TCOPUU BOSMYH_IGHI/II‘/'I AMIUIUTYAY BEPOATHOCTH IIEPEXOga

JUIS YaCTHIIbI, HAXOMSIIEWCS B TJIYOOKOW NOTEHIHAIBHOW sMe (|x| < a). Omneparop

BO3MYIICHUA \7(t) = —\AXsin mt,(|t|§T). [Touemy, eciy yacTMLla HAXOAWIACH BHAYaJe B

OCHOBHOM COCTOSIHMH, II€pEXO0JIbl BO3MOXKHBI TOJBKO B HEYCTHBIC CTaIl[MOHAPHBIC
COCTOSIHUS?

Hcnone3yss KOMMYTallMOHHBIE COOTHOILEHUSI OINEpPaTOPOB KOOPAMHATHI U MOMEHTA
UMITYJIbCa, BBIBEUTE MpaBUiIa 0TOOpA 10 KBAaHTOBBIM uuciaM £ U m.

Pa3zoen 7. Cnun 3nekmpona.

13.

14.

15.

Haiinute (HOpMHpOBaHHBIE) COOCTBEHHBIE BEKTOPHI OIEPATOPOB CIMHA 3JIEKTPOHA
- h_. . HA. . Ah._. - - - o
512561’82=502’53=EG3’ 0,,6,,6, - Mmarpuusl [laymu. Pasnoxure npou3BOIBHBINA

a
(HOpMHPOBaHHBIN) BEKTOP (CIIMHOP) b 110 COOCTBEHHBIM BEKTOpaM MaTpullsl s, . KakoB

¢du3ndeckuit cMbIca K03 (HUIUEHTOB pa3IoKEeHUs?
Hcronb3ys rei3eHO0eproBbl ypaBHEHUS TBMKCHUS IS CITMHA DJIEKTPOHA, MMOKAKUTE, YTO
OHM COBMNAJAIOT C KIACCHYECKUMHU YPABHEHUSAMH, ONPEACISAIOIIUMHI IPEHECCUI0

MarHMTHOTO MOMEHTA B MAarHUTHOM II0JI€ ¢ MHAyKUWeH B . YKa3zaHue: raMHIbTOHHAH
B3aMMOJICHCTBHS MAarHUTHOTO MOMEHTa C MarHHTHBIM moimeM H =-z-B,u=g.;S.

YacTHbIM CJIy4acM Kakoro 0611161"0 YTBCPIKACHUSA ABJIACTCA IMOJTYYCHHOC COOTBETCTBUE?
HOKa)KI/ITe, YTO CHHIJICTHass BOJIHOBAs q)yHKLII/IH JABYX OJJICKTPOHOB COOTBETCTBYCT
HYJICBOMY 3HAUCHUIO ITOJIHOTO CIIMHA.

Pazoen 8. Keanmoeasa mexanuxa cucmem, COCMOAUWUX U3 0OUHAKOBHIX UACHUY.

16.

17.

Boeruncnute kBaHTOBBIE JedekThl S, P, D — TepMOB aToMa JIMTUS, €CITH U3BECTHO, YTO
SHEPrus CBS3M BAJICHTHOTO JIEKTPOHA B OCHOBHOM COCTOSIHMH paBHa 5,39 5B, mepBblit
MOTEHITMAT BO30YXeHus1 paBeH 1,85 5B, a niMHa BOJIHBI TOJIOBHOW JUHUHU AU y3HON
cepuu paBHa 610 um.

OnummTe CTPYKTYPY CIIMHOBOM BOJTHOBOM (DYHKITMHU NBYX SJEKTPOHOB B CHHIJICTHOM U
TPUIUIETHOM COCTOSIHUSIX.



18.

19.

[loueMy B CHHIJIETHOM CHHHOBOM COCTOSHHM JIBYX 5JIEKTPOHOB IPOCTPAHCTBEHHAs
BOJIHOBasi (DYHKIMSI JIOIyCKAaeT B CPeAHEM Oosiee ONM3KOE WX DACIIOJIOKEHUE, YeM B
TPUILIETHOM?

Onummre npoueaypy IOJNyYEHHUS pACHPENEICHUS DJIEKTPOHHOM IIJIOTHOCTH B
MHOT'03JIEKTPOHHOM arome B pubimxenun Tomaca — @epmu.

Pazoen 9. Ocnoswt 30nn01i meopuu

20.

21.

22.

23.

C momouip0 COOTHOIIEHUS HEONPEAeNEHHOCTEH HAUTH YMCIIO CBOOOIHBIX 3JIEKTPOHOB C
KMHETHYECKHIMH SHEPTHsAMH, MONAJaloMMU B HHTepBal (&, &+dg), ecnm meramn

HaxoauTcs pu Temneparype 0°K . Cunrats, 4To 00paser umeer popmy NpsSMOYToIbHOTO
napamenenunena o0bémMoM V . YkazaHue: (U3UUECKH PaA3THMUUMBI TOJIBKO TaKHe
JJIEKTPOHHBIE COCTOSHUSA, U1 KOTOPBIX X—, Y—, Z — IPOEKIIMHA UMITYJIbCOB OTJINYAKOTCS Ha

27h 27h 2rh
BCJIMYHUHY, MPEBOCXOIAIIYI0 Ap, = 0 Ap, = R Ap, = 0 COOTBETCTBCHHO.

1 2 3

O06BéMm obpasna V =11,/

17273°
OnpenenyB KOHLEHTPALUMIO CBOOOJHBIX 3JEKTPOHOB U JBIPOK, IOKa3aTb, YTO MpHU
JOCTAaTOYHO HH3KUX TemIeparypax ypoBeHb @DepMu B YHCTOM OeCpUMECHOM
HOJIYTIPOBOTHUKE HAXOIUTCS TIOCEPEINHE 3aPEIIEHHON 30HBI.
Jlokaxxute TeopeMy O TOM, YTO YHCJIO MPOCTPAHCTBEHHBIX COCTOSIHUH DJIEKTPOHA B
kpuctaiuie ¢ N aromamu paBHO N (MCHONB3ylTe WIM TpaHW4HBIe ycinoBusi bopHa —
Kapmana unu HysneBble yCIOBHS).
[ToyeMy cOnpOTHBIEHUE YUCTHIX TOIYIIPOBOTHUKOB IAaAaET C POCTOM TEMIIEPATYPHL, a y
IIPOBOJAHUKOB PacTeT?

Tunosvle sonpocwi k 3k3ameny (7 cemectp):

1.

wn

10.

11.

OcHOBHBIE MaTe€MaTHYECKHE CpPEICTBAa ONHCAHMS ATOMHBIX CHCTEM (HaOirogaeMele,
coctosiHus). [locTynarel KBaHTOBO-MEXaHUUECKON TEOPUH U3MEPEHUI.
KBaHTOBO-MeXaHMYECKUI TPUHLIUAN COOTBETCTBUS. [IpumMepsl.

Hecrannonapnoe ypasuenue llIpenunrepa. 3agaua Kommn s Hectanronapaoro YIII.
OO6mue cBoiicTBa ogHOMEpHOro JBHeHHUS. CBA3b XapakTepa CIIEKTpa oleparopa
["aMuIpTOHA € XapaKTEPOM JABH)KEHHUS YaCTULIBI.

Yactuia B TOTEHIMAIBHOM siME€ KOHEYHOM riyOuHbl. CTaHIapTHBIC YCIOBHSL.
JlMcKkpeTHBIN cHeKTp M COOCTBEHHble (YHKIMM TaMWIbTOHMAHA. XapaKTepHbIE
0COOEHHOCTH MPOCTPAHCTBEHHOTO MOBEACHUS BOMHOBBIX (pyHKUMH. [Ipenen 6GeckoHeuHO
rI1yOOKON MOTEHIMATBHOM SIMBI.

JIuHelHbI rapMOHMYECKUN ocHMiuIATOp. OnepaTopbl pOKICHHUS U YHUUYTOXKEHUS M UX
cBoiicTBa. CoOCTBEHHBIE 3HaUEHUs onepaTopa ['aMuinbToHa.

CranuoHapHbple COCTOSHUSL ocuuiuiATopa. YE€THocTh. XapakTepHble OCOOEHHOCTH
IPOCTPAHCTBEHHOT'O MIOBEICHUS BOJHOBBIX (DYHKIIMH CTallMOHAPHBIX COCTOSHUH.
JIBu>keHHMe yacTHIlbl B TI0Ji€ MOTEHUHUalIbHOro Oapbepa. HempephIBHOCTH criekTpa u
npo6emMa HOPMUPOBKH BOJHOBBIX (PYHKIIMI HENPEPHIBHOTO CIIEKTpa.

Kosddunmentsl oTpaxkeHuss MU MPOXOXKIEHHUS CKBO3b IOTEHIHUANbHBIN Oapbep.
Coxpanenue yucna yactuil. TyHHeIbHbIN 3 deKT.

Omneparoppl MOMEHTa wuMIyibca. WX BbpakeHHME B JEKapTOBBIX M CPEpUUYECKUX
koopanHaTax. CoOcTBeHHbIE (YHKIMH M COOCTBEHHBIE 3HaueHHs. OnHOBpeMEeHHas
MU3MEPUMOCTb.

JIBr>KeHHE 4YacTUIpl B LEHTPAJIbHO-CUMMETPUYHOM I0je. Pa3nencHue nepeMeHHBIX.
OO0u1me cBoicTBa IBUKEHMSI B 3aBUCUMOCTH OT BUJIa TOTEHIMAJIA.



12.

13.

14.

15.
16.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

217.
28.

KBaHnTOBass MexaHHMKa BOJOPOJOINONO0HOTO aroma. YPOBHH SHEPIMM M KPaTHOCTh UX
BbIpoXKeHus (0e3 yuyéra M ¢ y4érom cmuHa 3ieKkTpoHa). CHIeKTpoCKONUYEeCcKHe
0003Ha4YeHUsI YpOBHEH.

CpoiicTBa BOJHOBBIX (DYHKIMI CTAallMOHAPHBIX COCTOSHMM BOJOPOJOINOJO00HOrO aroma:
IIPOCTPAHCTBEHHOE ITOBEJCHUE, 3aBUCUMOCTb OT KBAHTOBBIX YMCEJI, YETHOCTD.

Mogenb BaJleHTHOTO 371€KTpoHa. ['aMWIIBTOHMAH U ypOBHM 3Hepruu. YacTuyHoe cHATHE
BbIpOKJIeHUs. CIIEKTpaJIbHbIE CEPUU JIJIS1 aTOMOB IIEJI0YHBIX METAJUIOB.

Omnpit lTepna u I'epnaxa. [TonsiTue o cnuHe 3JI€KTpOHA.

Marematuueckoe onucaHue crnuHa. OmnepaTopsl ClIMHA M UX CBoiicTBa. BomHoBas
(GyHKLUSA 3JIEKTPOHA ¢ YYETOM CIIMHA, CHMHOPBI. BeposTHOCTHAsI HHTepIpeTalysl.
[TpuHIMN HEpa3IMYMMOCTH M ero Matemarudeckas (opmynupoBka. Teopema o cBsizu
CIIMHAa U CBOWCTB CHUMMETPHUU BOJIHOBBIX (DYHKIMH TOKIECTBEHHBIX (EPMHOHOB HU
0030H0B. [letepmunant Ciatepa. [Ipuniun Ilaynu.

['eHe3uc mnepuOIMUECKOW CHCTEMBbI 3JIEMEHTOB MeHzeneeBa. ATOMHbIE OOOJOYKH.
DKCHepUMEHTAJIbHbBIE CBUJIETENLCTBA CYILIECTBOBAHUS 000JIOUEK.

KBaHTOBasg MexaHuka MOJEKyJbl Boxopoza. IlompaBku nepBoro nopsiaka K ypOBHSIM
sHeprun. OpTo- 1 napa-poaopoa. [Ipupoaa XxuMuueckon CBS3H.

CrannonapHas Teopust Bo3MyllueHui. [lonpaBku nepBoro nopsAaka K ypoBHsIM DHEPIUH U
K BOJIHOBBIM (DYHKITUSIM (CITydaii HEBBIPOXKICHHBIX YPOBHEH ).

Teopus kBaHTOBBIX nIepexo10B. [locTaHoBKa 3a1aun. AMIUIMTY/A BEPOATHOCTH IIEPEX0a.
HecrannonapHnas Teoprst BO3MyIEHHN. AMINIUTY/AA [IEPEX0/1a B IEPBOM IOPAIKE TEOPUH
BO3MYLIEHUH.

B3anmopeicTere aToMa ¢ MOHOXpOMAaTHYECKOM AIEKTPOMArHUTHON BOJTHOW B TUITOJIBHOM
npubsmxeHnu. Pe3oHaHCHBIN XapakTep BbIHYKACHHBIX KBAHTOBBIX IIEPEX0JI0B.
Anmnabatuyeckoe TNPHOMMKEHHE IS AJNEKTPOHHBIX  COCTOSIHMA B KpHUCTaJlIe.
Ilepunonnueckuit norenuuan TeopeMa biioxa v KBa3UUMITYJIBC.

30HHBIM XapakTep CHEKTpa 3JIEKTPOHHBIX COCTOSHUN B Kpuctaiie. IloHstue obGpatHoit
PELIETKY.

I'pannunbie ycnoBuss bopua — Kapmana. 3ona bpwimosHa U 3amosiHeHue
KBa3MHEIIPEPBIBHOTO CHEKTpa COCTOsSHUI B 30He bpmimosna. Kiaccuduxanms
KPUCTAJUIMYECKUX TBEPIBIX TEJ MO TUITY IPOBOAUMOCTH.

BbIHYXI€HHBIE JI€KTPOIUIOIbHbIE EPEX0bl U KOAPPHUIMEHTH DHHIITeHHA.

BeiBog popmyiner M. [Tnanka mo DHIITENHHY.



